SINCE THE radioactive microsphere method was introduced by Rudolph and Heymann (1967) , it has been applied to studies on blood flow in different animal species and organs. Regional blood flow can be measured in small tissue samples containing more than 400 spheres (Buckberg et al. 1971) . Comparisons between the microsphere method and the more generally accepted methods such as electromagnetic flowmetry or clearance technique using diffusible indicator or inert gas have been made for the myocardium (Utley et aL, 1974; Domenech et al., 1969; Yipintsoi et al., 1973) , kidney (Slotkoff et al., 1971) , and stomach (Delaney and Grim, 1964) .
When cerebral blood flow is determined by the radioactive indicator clearance method (Lessen and Hoedt-Rasmussen, 1966) , the washout curve in the dog differs from that in man in that there is a significant involvement of extracerebral tissues. Therefore the cerebral clearance curve in the dog often has more than two components (Haggendal, 1965) , and the interpretation and analysis of the curve becomes relatively difficult. The present Xe washout curve in the dog by comparing it with simultaneous cerebral blood flow measurements obtained by the use of microspheres. It was hoped that these investigations also would help to evaluate the validity of the microsphere method in measuring cerebral blood flow and resolve some of the controversies (Harrell et al., 1977; Fung, 1973) regarding the applicability of this technique.
Methods
The experiments were performed on 15 mongrel dogs (15-25 kg) anesthetized with sodium pentobarbital (30 mg/kg injected intravenously, with supplements of 2 mgAg given approximately hourly). Pancuronium bromide (0.08 mgAg) was given intravenously after the trachea had been intubated. The dog was ventilated with a Harvard respirator to maintain the Pco? between 35 and 42 mm Hg. For five dogs, 5% CO2 was administered to raise the PCO2 to 50-60 mm Hg. The esophageal temperature was monitored by a thermistor probe (Yellow Springs Instrument Co.) and maintained between 36.5° and 37.5°C by electric heating pads. The femoral artery was cannulated with a double-lumen polyethylene catheter of original design with two orifices 18 cm apart, and the catheter was inserted to a distance such that the lower orifice was in the abdominal aorta and the upper orifice in the thoracic aorta. The femoral vein also was cannulated. After incision of the scalp to expose the skull, the central ridge of the skull was trephined, and the dorsal sagittal sinus was cannulated with a polyethylene catheter. Heparin (1000 UAg initially and 500 U/kg hourly thereafter) was given intravenously. A cardiac catheter (U.S. Catheter & Instrument Corp.) was placed into the left ventricle through a femoral artery with the assistance of the pressure tracing. A Swan-Ganz catheter (Edwards Laboratories) was introduced via a femoral vein into the pulmonary artery. These catheters were used to monitor cardiovascular pressures and withdraw blood samples. Continuous pressure recordings were made with Statham transducers and a Grass polygraph. Between successive injections of microspheres and 133 Xenon, the oxygen tension (P02) and CO 2 tension (Pco 2 ) of arterial blood samples were determined with a blood gas analyzer system (model 213, Instrumentation Laboratory), the hemoglobin concentration (in g/100 ml) was measured by the use of a CO-oximeter (model 182, Instrumentation Laboratory), and the hematocrit was determined with a microcentrifuge.
Measurement of Regional Cerebral Blood Flows with Microspheres
Microspheres labeled with radionuclides M1 Ce, 51 Cr, ^Sr, and ^Sc and with sizes of 15 ± 0.8 /tm (mean ± 2 SD) were purchased from the 3M Company as suspensions in 10% dextran solution (molecular weight -78,000). Each shipment was checked for the size of the spheres, the presence of fragmentation, the status of aggregation, the specificity of the radionuclide, and the specific activity. In preparation of the microspheres for injection, the vials were shaken vigorously with a Vortex mixer (Scientific Industries Inc.) for at least 5 minutes and sonicated in an ultrasonic sonicator for 2 minutes. Then 0.5-1 ml of the microsphere suspension (containing from 1.5 x 10 6 to 3 X 10 6 spheres) was aspirated under sterile conditions into a 10-ml syringe, diluted to 5 ml with the addition of 0.05% Tween 80 in normal saline solution, and mixed in a to-and-fro manner for 5 minutes with the use of another 10-ml syringe connected via a three-way stopcock. Microscopic examination was carried out to assure the complete dispersion of spheres and to count the number of spheres to be injected (1 X 10 6 spheres per 10 kg body weight were used in these experiments).
The microsphere suspension of one of the radionuclides was injected via the cardiac catheter into the left ventricle immediately after 2 minutes of toand-fro mixing between the two syringes to guarantee adequate dispersion of microspheres. Two arterial reference blood flows were obtained from the double-lumen catheter introduced via the femoral artery with the openings located in the thoracic aorta and the abdominal aorta. Blood was drawn at constant rates from these two locations by using two infusion-withdrawal pumps (Harvard Apparatus), while cross-matched donor whole blood was infused at the same rate to maintain constant blood volume. The pump usually was set at a withdrawal rate (Q^) of 15 ml/min for 2 minutes, and the microsphere suspension was injected 10 seconds after the start of the pump. The injection of the spheres was made over a period of 10-15 seconds. A volume of 10 ml normal saline at body temperature was introduced into the left ventricular catheter over a period of approximately 10 seconds following the microsphere injection. In some experiments the arterial blood pressure was monitored during and after microsphere and saline injections, and no detectable change was observed. The reference blood flow samples were divided into aliquots and counted in a well-type scintillation counter connected to a gamma ray spectrometer (Packard Instrument Co.). The total activity of each reference flow (A,,.) was obtained by summing the activities of the aliquots. In two experiments the difference of Aar/Qar was more than 5% between the two reference flows, and the results of these experiments were not included in the analysis.
When the experiment was completed, the dog was killed by injecting potassium chloride or an overdose of sodium pentobarbital intravenously. The brain was removed and dissected into 0.5-to 1-g pieces, which were placed in counting vials. The radioactivities determined with the gamma counter and the weight of each tissue sample were entered into a PDP-11/10 minicomputer (Digital Equipment Corp.). A computer program was used to resolve the radioactivity of each isotope and to calculate the radioactivity per 100 g of tissue sample (C t ). The flow rate per 100 g of tissue sample as determined by microspheres (V u ) was calculated as:
V u = Q.r Ct/A^.
(1)
Measurement of Cerebral Blood Flow by
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Xe Clearance
The cerebral blood flow was measured with the 133 Xe washout technique by sampling the sagittal sinus blood. Immediately after the completion of each microsphere measurement, a solution of 133 Xe in saline containing approximately 4 mCi (obtained from Diagnostic Isotopes) was injected rapidly into the left ventricle through the cardiac catheter. Serial blood samples (1 ml each drawn over a period of approximately 5 seconds) were obtained from the sagittal sinus every 30 seconds for 2 minutes, and every minute for the next 20 minutes. Each sample was drawn anaerobically into a plastic syringe (Becton-Dickinson) at a sufficiently slow rate to avoid the creation of a partial vacuum. The tip of the plastic syringe was immediately flattened and sealed with a hot plate, and further sealed with melted paraffin (Jan and Chien, 1977) . The radioactivity of 133 Xe in each sample was determined in the gamma counter.
The cerebral blood flow was calculated with the use of the Kety equation (Kety, 1969) : (Veall and Mallett, 1965) . In the present experiments, the value of k was obtained by plotting sagittal sinus blood activity of 133 Xe on a logarithmic scale against a linear time scale (Fig. 1) . The clearance curve was analyzed with the aid of the PDP 11/10 minicomputer, which resolved the curve into two or three components. In seven out of 15 experiments the clearance curve exhibited a three-component behavior. In these cases, the tail end of the clearance curve was taken as the third component of the 133 Xe clearance curve, and a least-squares line was fitted to this slowest component. A new curve was obtained by subtracting this third component line from the original clearance curve, and the slope of the least-squares line fitted to the last part of this new curve was that for the second component (line 2 in Fig. 1) . The Xe clearance curves and was considered to be the radioactivity shunting through arteriovenous anastomoses or some vascular malformation (Cannon et aL, 1974) . In curve peeling, the slope of the middle line is generally determined with the least certainty. To improve the accuracy of the analysis, all 133 Xe washout curves also were analyzed with an iterative least-squares technique using a combination of the steepest-descent and Newton-Ralphson methods for convergence (Dell et al., 1973) . This was performed at the Columbia University Computer Center on an IBM 360/91 computer. The results from the iterative least-squares method agreed well with those obtained by curve peeling.
The partition coefficient of Xe between blood and tissue (A bt ), which depends on the relative distribution of 133 Xe among red cells, plasma, and tissue (Carlin and Chien, 1977) , was calculated as:
where H is the fractional red cell concentration or hematocrit/100, Apt is the partition coefficient of 133 Xe between plasma and tissue, and Acp is the partition coefficient of 133 Xe between red cells and plasma. At 37°C, the value of A^ was 2.68, and the values of A pt were 0.74,0.40, and 0.71 for the cortical gray matter, white matter, and muscle, respectively. These values are slightly higher than those obtained by Conn (1961) at 21°C, but the discrepancy can be accounted for by the temperature difference.
The tissue-blood partition coefficient is defined as: 
Results
There were no significant differences in flow rates among the gray matters of the frontal, occipital, temporal, and parietal lobes studied with 15-/xm microspheres ( Table 1 ). The flow rate in the cortical gray is approximately 1.5 times that in the cortical white. The caudate nucleus had the highest blood flow among all cerebral areas studied. Because there were differences in flow rates among gray matter tissues in different regions of the brain (i.e., cortical gray, caudate nucleus, and thalamus), the average gray matter blood flow (Q G ) measured with 15-/xm Xe clearance method in both the normal and the hypercarbic groups (Fig.  5A) . It is to be noted that the subcortdcal brain tissues were not included in the calculation of cerebral cortical blood flow by the microsphere technique. To obtain a mean cerebral blood flow (microspheres) including all brain tissues, we summed the products of the regional blood flow and the fractional weight for cerebral cortex, caudate nucleus, thalamus, midbrain, limbic system, and cerebellum. As shown in Figure 5B , this mean cerebral blood flow obtained from the microsphere technique correlated well with that from the 133 Xe clearance method.
To assess the role of extracranial tissues in the sagittal sinus clearance curve of 133 Xe obtained following left ventricular injection, the 133 Xe solution was injected into the nasal mucosa and into the deep neck muscles, and the clearance curves were monitored from the sagittal sinus (Fig. 1) . These curves revealed the drainage of blood from these two areas into the sagittal sinus. The slope of the third component from the left ventricular injection (A-3 in Fig. 1 ) fell between the slopes of the nasal mucosa injection (B) and the neck muscle injection (C).
Discussion
The use of microspheres to measure blood flow involves the following requirements (Rudolph and Heymann, 1967; Heymann et aL, 1977) : The spheres (1) must be entrapped during the first circulation, (2) must be well mixed and homogeneously distributed in the injectate, (3) must be uniformly distributed in the circulation, and (4) must not affect the general circulation. These criteria were achieved in the present investigation by using 15-fun spheres (Marcus et al., 1976) , determining two reference flows for each experiment, subjecting the injectate to careful microscopic examination, mixing the spheres thoroughly before injection, administering the spheres into the left ventricle where mixing can be attained, and monitoring arterial pressure and pulse rate throughout the experiment.
Since the introduction of the M Kr and 1M Xe clearance method for measuring cerebral blood flow by Ingvar and Lassen (1962) , several experiments have been designed to test its accuracy and applicability Haggendal et al., 1965; Reivich et aL, 1969) . The use of the clearance technique to measure cerebral blood flow is complicated by extracerebral contribution to the washout curve (Obrist et aL, 1967; Jensen et al., 1966; Veall and Mallet, 1966; Agnoli et al., 1969) , especially in the dog, because of the anatomical distribution of venous flow (Fig. 6) . The uncertainty as to whether to analyze the clearance curve of radioactive indicator by two-compartmental or three-compartmental treatment was a major obstacle in using this method for measuring cerebral blood flow in dogs (Haggendal et al., 1965) . It is generally agreed that the fast component of the curve represents the gray matter blood flow, but it is not certain which part of the curve actually represents the white matter blood flow. Miller et al. (1964) ].
for having two-or three-component curves in different circumstances.
In the present experiments, we attempted to correlate the various components of the clearance curve obtained following left ventricular
133
Xe injection with the regional blood flows measured by the microsphere technique. The fastest blood flow in the brain measured with the microsphere method in these experiments is, the flow to the caudate nucleus, which was about twice that in the cortical gray matter (Table 1 ). The first-component blood flow obtained from the 133 Xe clearance curve frequently fell between the microsphere flows of the caudate nucleus and the cortical gray matter. The average gray matter blood flow through the caudate nucleus, the cortical gray, and the thalamus, calculated from the regional microsphere flow values and the fractional tissue weights, can be correlated with the fast component blood flow from the 133 Xe clearance method (Fig. 2) .
The white matter blood flow measured with the microsphere method correlated well with the second component of the 133 Xe clearance curve (Fig.  3) . In seven out of 15 experiments, there was a third component in the 133 Xe clearance curve. In these experiments, the blood flow obtained from the third component showed a close correlation with the extracranial muscle blood flow determined by the microsphere method (Fig. 4) .
In the dog the dorsal sagittal sinus drains blood not only from cerebral tissues but also from osseous nasal septum, its mucosa, and deep muscles of the neck (Fig. 6) . To further identify the source of extracerebral contribution, we studied the clearance curve in the sagittal sinus following the injection of Xe washout curve is due to extracerebral flow.
The mean cerebral cortical blood flow determined with microspheres was lower than the mean cerebral blood flow obtained by the 133 Xe method (Fig. 5A) . On the other hand, the mean cerebral blood flow with microspheres, including subcortical tissues, correlates much better with that of the 133 Xe clearance method (Fig. 5B) . Although the venous drainage from caudate nucleus, thalamus, midbrain, limbic system and cerebellum has not been clearly delineated, our results suggest that the sagittal sinus may drain these areas. Furthermore, since the sagittal sinus receives blood drainage from the osseous nasal septum and deep neck muscles (Fig. 6) , it would seem rather probable that it also drains blood from the subcortical tissues.
The 133 Xe clearance curve often showed only two components; i.e., the cortical white and extracerebral muscle flows were combined into a single slow component. Although the blood flow of cortical white matter is 1.5-3 times the blood flow in extracerebral muscle as shown by the microsphere method, it is to be noted that at 37 °C the partition coefficients of cortical white matter (Atbw) and extracerebral muscles (Aum) at hematocrit -40% are 1.5 and 0.8, respectively (see Eq. 3). where V bw and Vbm are the blood flows per unit mass of cortical white and extracerebral muscle, and k w and k m are the exponential rate constants of the washout from cortical white and extracerebral muscle, respectively. From Equations 6 and 7, Since Vbw/Vbm varies between 1.5 and 3, and At bw = 0.8/1.5 = 0.53, the ratio k w Am often may be close to unity. That is, despite the difference of blood flow rates between cortical white and extracerebral muscle, the washout curves from these regions may fall on the same slope and lead to an apparent two-component curve.
Microsphere measurements indicate that extracerebral muscle blood flow shows individual variations among dogs and also changes from time to time even in the same dog as a function of cardiac output, anesthetic status, and Pcch and P02 values. With different degrees of extracerebral blood flow contribution the slope of the later part of the clearance curve would vary accordingly. Neglect of this from the clearance curve analysis may affect the accuracy of blood flow measurement of the cortical gray and cortical white matters.
